Abstract The effects of superalloy composition and Pt content on the high-temperature oxidation behavior of c-c' NiPtAl diffusion coatings were investigated over the temperature range of 1050
Introduction
Aluminide coatings have been utilized for decades to protect high-temperature structural alloys from oxidation and hot corrosion, and to serve as bond coatings for thermal barrier coating (TBC) systems [1] [2] [3] [4] [5] . These coatings form a protective Al 2 O 3 layer on the surface at high temperatures, which provides oxidation and corrosion protection with durability dependent on the thermally grown alumina scale adhesion. Platinum additions have long been known to improve alumina scale adhesion in both alloys and coatings [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The beneficial Pt effect has been related to mitigation of detrimental indigenous sulfur [15, 16] , but evidence suggests that the Pt effect is multi-faceted and not yet fully understood. b-NiPtAl coatings made by chemical vapor deposition have excellent oxidation resistance and are widely used. However, this class of coatings has several disadvantages including Al depletion during service due to interdiffusion, formation of brittle TCP phases along the coating-substrate interface, and a tendency to experience significant surface deformation during thermal cycling, often referred to as rumpling [17, 18] .
More recently, a new class of Pt-containing diffusion aluminide coatings possessing a c-c' (Ni solid solution-Ni 3 Al) NiPtAl structure has been introduced [3-5, 16, 19-24] . The fabrication of ''simple'' Pt-diffusion coatings is straightforward, involving plating of Pt on an Al-containing, Ni-base superalloy, followed by a hightemperature annealing treatment to diffuse Al into the Pt layer to form the two-phase aluminide coating. A secondary coating process may be added [25, 26] to increase the Al content and/or dope the coating with a reactive element (RE) [27] , such as Hf [26] , to improve scale adhesion and reduce the scale growth rate [14, 15, [28] [29] [30] . This new class of coating has several appealing characteristics, including (1) excellent oxidation resistance [21-24, 31, 32] even in the presence of H 2 O [33] , (2) elimination of Al depletion in the coating as a result of ''uphill'' diffusion of Al in the c-c' phases [34] [35] [36] , and (3) minimal surface rumpling [32] . However, most of the published studies on c-c' NiPtAl coatings were performed on 2nd or 3rd generation singlecrystal (SX) superalloys and do not encompass earlier directionally solidified (DS) and 1st generation SX superalloys that are frequently used in smaller, power generation turbines where the temperatures are lower and the *30 % superalloy cost increase for 3 % Re in 2nd generation SX superalloys is not cost effective. Thus, the objective of this study was to build on prior work at ORNL [23, 31, [36] [37] [38] [39] [40] and present a more complete study of simple c-c' NiPtAl coatings to include a wider range of superalloys, two Pt levels [39] , and examine coating performance at 1050-1150°C.
Experimental Procedures
Four Ni-based superalloys were used as substrates with compositions shown in Tables 1 (wt%) and 2 (at.%). Compositions will be discussed in at.%. Alloy 142 is a DS alloy, 1483 is a 1st generation SX alloy and alloys X4 and N5 are 2nd generation Simple c-c' NiPtAl diffusion coatings were prepared on disk-shaped superalloy coupons (16.5 mm diameter 9 1.7 mm thick with chamfered edges to avoid spallation-prone 90°edges) by electroplating either *7 or *12 lm of Pt at Tennessee Technological University (TTU). Prior to electroplating, coupons were grit-blasted using #220 Al 2 O 3 grit, followed by ultrasonic cleaning in acetone. The Pt-plated specimens were annealed for 2 h in vacuum (*1.3 9 10 -5 Pa) at 1175°C to form a c-c' NiPtAl coating [23, 31] .
Cyclic oxidation tests of coated specimens were conducted at 1050, 1100, or 1150°C in dry, flowing O 2 with 1 h at temperature and 10 min cooling in laboratory air per cycle in an automated vertical test rig [29] . Specimen mass changes were measured at 20 or 50 cycle intervals on a microbalance (Mettler Toledo model AG245 or XP205) with an accuracy of ±0.04 mg or ±0.01 mg/cm 2 . In many cases, two specimens of each type were tested. Coating surfaces and cross sections were characterized by field-emission gun scanning-electron microscopy (SEM) (Hitachi model S4700) or SEM (Hitachi models S3400 and S3800) and energy-dispersive spectroscopy (EDS). X-ray fluorescence (Shimadzu lEDX Model 1300 spectrometer) was used to characterize the composition of the oxide and underlying nearsurface region of coating [41] . Coatings were also metallographically sectioned and examined by SEM and/or by electron-probe microanalysis (EPMA, JEOL model 8200) using pure metal standards. Average Pt and Al coating content values were calculated using 2 lm measurement intervals from 0 to 20 lm below the oxide scale, and averaging the data from two separate line scans. Cross-sectional transmission electron microscopy (TEM) specimens were prepared by focused ion beam (FIB) milling. The alumina scale was characterized using a JEOL model 2200FS-AC scanning TEM with a 200 kV probe-corrected microscope (using CEOS C s -Corrector) equipped with a Bruker XFlash Ò 6|30 silicon drift detector.
Results
As-Annealed Coatings Figure 1a shows a SEM image of the surface of an as-annealed NiPtAl coating (X4/ 7 lm). The coatings were generally fine grained, with relatively flat (R a = 1-2 lm) surfaces that experienced minimal deformation during cyclic oxidation, as shown in Fig. 1b (same specimen as Fig. 1a after 200 cycles, 1100°C). In previous work after 1000 cycles at 1150°C, a coating on N5/7 lm increased from R a = 1.0 ± 0.05 lm as annealed to only 1.3 ± 0.06 lm, a much smaller increase than that reported for CVD b-NiPtAl at 1150°C [18, 32] . Figure 1c , d compares metallographic sections of the as-annealed N5/7 and N5/12 lm, respectively. The plane of the original alloy surface is evident in these back-scattered electron (BSE) SEM images by the array of darker contrast alumina inclusions from grit blasting. Two layers were typically present: an outer single-phase layer of c'-Ni 3 Al (highly enriched in Pt) and an inner two-phase layer that extended into the original substrate, consisting of brighter contrast c' particles in a c-(solid solution Ni) matrix. Both phases have solubility for Pt, but Pt preferentially partitions to c' [42] . The EPMA analysis of the two as-annealed coatings is summarized in Fig. 2 and is used as a baseline for comparison to measurements after cyclic oxidation. The Pt and Al contents are average values from the outer 20 lm of the coating and the Pt depth is where the composition dropped to \0.5 at.%. Complete line scans of the starting coatings have been published previously [23, 31, 39] . Metallographic cross sections (Fig. 5a, b) reveal that the higher oxidation mass gains on 142/7 lm were the result of a 0-to 20-lm-thick zone of internal oxidation, consisting of fast oxygen conducting HfO 2 protrusions [43] surrounded by darkcontrast alumina as characterized previously by EDS [38, 44] . There were also bright-contrast Hf-rich particles within the alumina layer in some locations (Fig. 5b) . Internal oxidation occurred within both the c and c' NiPtAl phases (Fig. 5b) , as a result of Hf rapidly diffusing from the 142 alloy substrate (0.52 at.% Hf) into the coating and oxide. While Pt is known to suppress Hf internal oxidation [30] , clearly these levels of Pt and Hf exceed the ideal combination, especially as the Pt content in the coating drops during exposure due to interdiffusion. Figure 2 shows that the average Pt content in the 142/7 lm coating exposed for 1000 cycles The mass gain of the 1483/7 lm specimen at 1050°C was lower than the 142/7 lm specimen, but higher than the 2nd generation SX/7 lm specimens (Fig. 3) . No oxide spallation was observed for any of the SX substrates after 1000 cycles ( Fig. 4b-d) . Cross sections of the 1483/7 lm specimen after 1000 cycles (Fig. 5c, d ) revealed an adherent, multi-layer oxide scale and apparently significant depletion of the bright-contrast c' phase from the near-surface region. An EDS analysis of the oxide scale in Fig. 5d revealed an inner alumina layer and a thin outer layer (arrows in Fig. 5d ) enriched in Ni, Cr, Co, and Ti with discrete, \1 lm diameter Ti-rich oxides at the gas interface. This outer layer of oxide likely explains the higher mass gain for this sample, as it was not observed for coatings on N5 and X4.
1050°C Cyclic Oxidation of Coatings with 7-l Pt
The two N5 and one X4 specimens with 7-lm Pt coatings displayed lower mass gains (Fig. 3) than the other alloys with no significant evidence of scale spallation, Fig. 4c, d . The two N5/7 lm specimens showed less reproducibility in their mass gains, in contrast to the 142/7 lm specimens. However, the higher mass gain in one N5/7 lm specimen was explained by a coating defect that led to rapid growth of a small Ni-rich oxide nodule on the specimen edge. Figure 5e , f shows representative cross sections for these coatings on 2nd generation superalloys, with no indication of internal oxidation, rumpling, or significant c' depletion after 1000 cycles. In all cases, the alumina scale was uniform, thin, and adherent. Semi-quantitative XRF was used to characterize the Pt, Ti, Cr, and Hf contents of the near-surface region (*5 lm depth, depending on the characteristic X-ray energy [41] ) of three specimens after 1000 cycles at 1050°C, Fig. 6 . This technique captured the expected differences in Ti and Cr (much higher for 1483/7 lm) and the high level of Hf for 142/7 lm. The Pt content was higher than the average value determined by EPMA, as the XRF was sampling the Pt nearer to the surface, while the EPMA average was over a depth of 20 lm. Aluminum measurements by XRF were previously shown to be unreliable and are not reported [41] . Figure 7 compares the 1100°C specimen mass change data for samples with 7-lm Pt coatings. Two 142/7 lm specimens had near-identical rapid mass gain (only one sample shown for clarity), but also increased oxide spallation (Fig. 8a ), compared to 1050°C. After only 600 cycles, there was substantial internal oxidation, again consisting of HfO 2 entrained within alumina intrusions (Fig. 9a, b ) and also evident in spalled areas (Fig. 8a) .
1100°C Cyclic Oxidation of Coatings with 7-lm Pt
The mass gain for the 1483/7 lm specimen at 1100°C was initially very high ( Fig. 7) , followed by rapid mass loss due to spallation (Fig. 8b) . The specimen was stopped after 400 cycles and cross sections (Figs. 9c, d) showed an unusual coating structure, consisting of a sub-surface layer depleted in the typical c' phase, but replaced with sporadic, *20-lm-long, bright-contrast, needle-like phases (which were rich in Ti, Pt, and Si, contained Ni and Ta, but were devoid of Co, Cr, or W by EDS mapping). In regions where the scale was adherent, a thin, alumina layer was overlaid by a layer of brighter contrast oxide rich in Ni, Cr, and Ti. In plan view, the regrown oxide was rich in Ti, Cr, Ni, and Si and contained bright-contrast Pt-rich precipitates and Ti-rich particles on the surface, Fig. 8b .
Coatings on N5 and X4 exhibited almost linear mass gain curves at 1100°C (Fig. 7) , but lower than the mass gains observed for coated 1483 or 142. There was no oxide spallation observed from the X4/7 lm specimen after 1000 cycles ( Fig. 8c ) and a relatively thin flat alumina scale formed without internal oxidation (Fig. 9e) . A second X4/7 lm specimen tested to 400 cycles (not shown in Mass change data during cyclic oxidation of c-c' NiPtAl coatings with 7-lm Pt, tested at 1100°C in dry oxygen on various superalloys. Replicate X4 and 142 specimens tested to 400 cycles (not shown), followed near-identical mass curves followed an identical mass gain curve. One N5/7 lm specimen exposed for 2500 cycles exhibited similar excellent scale adherence (Fig. 8d ) and no internal oxidation or surface rumpling was observed in cross section (Fig. 9f) . However, compared to the N5/7 lm sample stopped at 1000 cycles, this second N5/7 lm specimen had a slightly higher mass gain. The XRF and EPMA data for these alloys followed similar trends as the 1050°C results. After only 400 cycles at 1100°C, the 1483/7 lm specimen had 10 % Ti and 16 % Cr detected at the surface by XRF (Fig. 6 ), significantly higher than the X4/ 7 lm specimen after the same exposure. After 1000 cycles, EPMA analysis showed similar Pt contents and diffusion depths for X4 and N5, Fig. 2 . The biggest difference between these substrates was the Al content was higher for N5/7 lm, and the 1.7 % Ti in the X4/7 lm specimen appeared to offset some of the Al content in that coating.
1100°C Cyclic Oxidation of Coatings with 12-l Pt
A typical route to improving c-c' NiPtAl coating performance is to increase the Pt content [30, 39] . The EPMA data in Fig. 2 show that by increasing the plated Pt thickness from 7 to 12 lm, Pt was substantially increased in the coating, as well as the average Al content. Figure 10 compares specimen mass change data for 12-lm Pt coatings on two 142 and two X4 substrates at 1100°C. One 142/12 lm specimen showed a low rate of oxidation for 1000 cycles at 1100°C, in contrast to the high mass gain observed for the 142/7 lm specimen, Fig. 7 . However, the second 142/12 lm specimen began to show increased mass gain after 700 cycles and continued to accelerate until the experiment was stopped after 1600 cycles. There was a substantial oxide spallation/regrowth and an abundant presence of small, bright-contrast Hf-rich particles on the 142/12 lm surface after 1600 cycles (Fig. 11a) . The low mass gain for both specimens after the first *500 cycles suggested that the higher Pt content in the coatings had suppressed Hf and Al internal oxidation during the early stages of oxidation. Interestingly, XRF showed ; a 142/7 lm after 1000 cycles, b Hf-rich internal oxides after 1000 cycles, c 1483/7 l after 400 cycles, d Ni-Ti-rich outer layer of oxide, and needle-like precipitates (arrow) after 400 cycles, e X4/7 lm after 1000 cycles, f N5/7 lm after 2500 cycles (dotted line indicates surface of scale-separation occurred between the oxide and Cu plating) this specimen contained 9.6 % Hf after 1600 cycles, Fig. 6 . The other 142/12 lm specimen, which was stopped after 1000 cycles, showed no indication of spallation (Fig. 11b) , consistent with the mass change. The cross section of the 1000 cycle 142/12 lm specimen (Fig. 12a, b) showed an unusual structure with discrete, irregular-shaped (up to *3 lm in diameter) Hf-rich oxide particles at the scalecoating interface, but no alumina sheath as is typically observed, and no Hf-rich oxides within the alumina. An EDS analysis via TEM was used to confirm these Hfrich precipitates as oxides. Figure 12c , d shows cross sections of the second coated 142 specimen after 1600 cycles, where a high Hf content was detected by XRF (Fig. 6) . The presence of a high volume of bright-contrast, Hf-rich oxides within both the scale and coating shows a progression from the structure in Fig. 12a, b and explains the much higher mass gain for the second 142 specimen (Fig. 10) . Thus, a higher Pt content in the coating delayed, but did not prevent, substantial Hf incorporation within the scale and internal oxidation on the high-Hf 142 superalloy. Significant variability also was observed in the performance of two X4/12 lm specimens, suggesting that plating Pt at this thickness may bring more complications and less reproducible oxidation results than 7-lm plating. One X4/12 lm specimen exhibited a very high mass gain after only 1000 cycles. However, no oxide spallation was visible by SEM on the surface after 1000 cycles (Fig. 11c, d ), no oxide nodules were observed on the specimen edges, and no internal oxidation was observed (Fig. 12e, f) in the region that was sectioned. Furthermore, the scale in cross section was thin and not consistent with the high mass change. Since the overall mass gain was still relatively low after 1000 cycles (*0.75 mg/cm 2 ), it is possible that there was a flaw in the thicker plating in one or more locations (not visible in the surface or cross-section analyses) that locally increased the internal oxidation rate. The second X4/12 lm specimen showed a low mass gain (Fig. 10) , with the mass change curve suggesting initiation of modest spallation after *1700 cycles. However, after 2500 cycles, the specimen faces showed no evidence of spallation by SEM (with appearance similar to Fig. 11c, d ), suggesting that these mass variations may reflect only minor edge spallation. In cross section, the alumina scale remained thin and relatively flat after 2500 cycles (Fig. 12g, h ) and no significant c' depletion was observed. Returning to the plan-view images, the coatings on X4 showed an unusual honeycomb network on the surface (Figs. 8c, 11c, d) , reminiscent of the ridges on b-NiAl or a CVD b-NiPtAl coating surface [7, 15, 17, 18, [45] [46] [47] . The reason for the striking difference in coating surface structure on only the X4 substrates was not clear. However, the scale remained essentially flat without rumpling after 2500 h (Fig. 12g, h) .
Because of the unusual appearance of the alumina scale on X4/12 lm, additional characterization was performed on the specimen cycled for 2500 cycles. Small, faceted Ti-rich oxides were present on the surface but the higher magnification and higher contrast surface image in Fig. 11d shows that the brighter contrast Ti-rich oxides were not uniformly distributed. The particles were not located on the coating ridges but were instead concentrated on the grain body, between the coating ridges. Figure 13 shows EPMA maps of the 2500 cycle X4 specimen. As expected, the c grains are rich in Al and Pt, while the c grains are rich in Cr. A metal protrusion into the scale is at the center of the image. Such protrusions are typical of Pt-doped alloys and coatings [7, 47, 48] . Numerous Ti-rich oxide particles (Fig. 13b ) of at least 1 lm diameter also are apparent, corresponding to the particles in Fig. 11d . b Fig. 12 Electron microscopy of 12-l Pt c-c' NiPtAl diffusion coating cross sections after 1100°C oxidation: a BSE of 142/12 l after 1000 cycles with Hf-rich oxides at oxide-metal interface, b higher magnification SE of same area, showing large Hf-rich oxide particles segregated along oxide-metal interface, but no internal oxide stringers, c BSE of 142/12 l after 1600 cycles showing internal oxidation of Hf-rich oxides at the interface and within the scale, d SE of scale from same area showing the presence of small, bright-contrast Hf-rich particles enveloped in dark-contrast alumina, e BSE of X4/12 l specimen after 1000 cycles with no internal oxidation, in spite of high specimen mass gain, f SE of oxide scale on same specimen after 1000 cycles, confirming thin scale, g BSE on second X4/12 l specimen after 2500 cycles, with dotted line indicating scale surface, and h SE of thin oxide scale on the same specimen A Ti-rich particle located at the scale-coating interface (Figs. 13a, b) is likely an oxide. No Hf-rich oxide particles were observed in these maps. Not only is the Ti content higher than Hf in X4 (Table 2) , but the small Ti ion also is expected to diffuse more rapidly than Hf. To better observe the alumina scale microstructure on this same X4/12 lm specimen, particularly near a coating ridge, a TEM cross section was prepared, Fig. 14 . The thin (*1-1.5 lm) alumina scale was typically one grain thick, with large (1-3 lm) diameter grains like those observed on RE-doped NiAl or b NiPtAl coatings [46] [47] [48] [49] [50] . There was no evidence of a surface layer of spinel or mixed oxide, as was seen after 1150°C oxidation with N5/7 lm [50] . The boxed region highlights an alumina ridge at a scale grain boundary. Fine porosity was evident within the alumina scale but no pores or defects were observed at the metal-scale interface. One Ti-rich oxide particle was detected on the surface of the alumina at the edge of a coating grain boundary ridge via X-ray mapping (map not shown), as indicated by the arrow in Fig. 14. Figure 15 compares the 1150°C oxidation curves of 142, X4, and N5 samples with 7-l Pt coatings. (Because of the poor performance of 1483/7 lm at 1100°C, a coating on this substrate was not exposed at 1150°C.) Both of the 142/7 lm specimens experienced similar rapid mass gains to *80 cycles, followed by rapid mass loss due to oxide spallation. Characterization of one of these specimens was reported previously [38] and, in agreement with the results presented at 1050-1100°C, involved significant Hf internal oxidation.
Al

1150°C Cyclic Oxidation of Coatings with 7-l Pt
The X4/7 lm specimen exhibited a steady mass gain to *400 cycles at which point mass loss initiated due to oxide spallation. Significant oxide spallation and regrowth were observed on the surface after 600 cycles (Fig. 16a) , as well as the Fig. 14 Bright field STEM image of the alumina scale over a c-c' NiPtAl coating grain boundary ridge on X4/12 l after 2500 cycles at 1100°C. The boxed area highlights a much smaller oxide scale surface ''ridge'' typical of the oxide scale grain boundaries. The Ti-rich particle on the scale surface was identified by X-ray mapping presence of small, bright-contrast oxide particles on the intact alumina scale, which were confirmed as Ti-rich oxides via EDS analyses. The c-c' structure was still intact with no signs of rumpling, significant c' depletion (Fig. 17a) , or internal oxidation beneath the oxide scale (Fig. 17b) .
Both N5/7 lm specimens exhibited better scale adherence than the one coating on X4 and showed similar mass gains for *650 cycles. However, one specimen began to show indications of minor mass loss after *650 cycles and was stopped after 1000 cycles, whereas the other specimen exhibited steady mass gain to *1400 cycles, followed by modest mass loss. Figure 16b shows the N5/7 lm specimen stopped after 1000 cycles and confirms that the deviation from parabolic mass gain was due to scale spallation. The coating remained relatively flat and no internal oxidation was observed (Fig. 17c, d ). EPMA analysis of the 1000 cycle N5/7 lm coating showed significant Pt depletion in the coating (Fig. 2) , as was reported in detail previously [40] . The composition of the 1600 cycle specimen has not been characterized. However, Fig. 2 shows the composition of a similar coating on a second heat of N5 after 2500 cycles. The Al contents were remarkably similar after 1000 and 2500 cycles at 1150°C, while the Pt content was lower after the longer exposure. TEM characterization of the alumina scale formed after 1000 cycles also was previously reported [50] , and unlike the X4 specimen in Fig. 14 , the columnar alumina grains on coated N5 had smaller diameters (200-500 nm). and [38] , respectively
1150°C Cyclic Oxidation of Coatings with 12-l Pt
Similar to the results at 1100°C, Fig. 18 shows both improvements and more variability in mass change behavior at 1150°C when the Pt content was increased from 7 to 12 lm for the 142, X4, and N5 substrates. For the 142/12 lm specimen, the improvement was not significant as the coating still showed scale spallation [39] and a much more rapid mass gain than the other specimens. Macroscopically, large Ni-rich oxide nodules were observed at or near the coupons edges after 400 cycles, (Fig. 19 ) and, in cross section, there were intermittent deep penetrations that extended into (Fig. 20a ) and in some cases through the entire c-c' NiPtAl coating (Fig. 20b) . Most areas of internal oxidation contained fine Hf-rich oxides entrained in alumina. Two specimens of each of the 2nd generation substrates were exposed and stopped at 1000 and 2500 cycles. Their behavior was remarkably similar, Fig. 18 . Results for the 1000 cycle specimens have been previously reported [31] , with limited spallation observed and higher Pt and Al levels remaining in the coatings compared to the N5/7 lm specimen exposed for 1000 cycles at 1150°C (Fig. 2) . A clear difference between the two different substrates was the 2.1 % Ti measured in the coating on X4 after 2500 cycles. However, unlike the EPMA results at 1100°C with 7-lm Pt, the average remaining Al content was similar for the X4 and N5 substrates, which may explain the similar oxidation performance with a 12-lm Pt coating. Surface characterization of the scale on X4/12 lm after 2500 cycles in Fig. 21a indicates scale spallation and regrowth had occurred. Because there were only minor mass losses measured, Fig. 18 , the larger light gray areas in Fig. 21a also may be indicative of spallation of a Ti-rich or transient oxide layer. Nevertheless, the X4 performance with 12-lm Pt at 1150°C was significantly improved compared to 7-lm Pt (Fig. 15) . While the mass change of the N5/12 lm specimen was very similar to the X4/12 lm specimen after 2500 cycles, there appeared to be little evidence of scale spallation in plan view on the N5/12 lm specimen (Fig. 21b) . A cross section of the N5/12 lm specimen (Fig. 22) confirmed that the coating remained relatively flat after 2500 cycles. As expected, the Pt depletion continued with exposure time with Pt detected at more than 255 lm into the substrate and the average Pt content dropping from *35 to 5 %, Fig. 2 . As predicted by Gleeson et al. [34] , very little Al loss was detected after 2500 cycles, with no statistically significant difference with the starting Al content. 
Discussion
Both c-c' NiPtAl alloys and coatings generally form very adherent alumina scales at high temperature [21-26, 30-33, 37-40] , even in the presence of water vapor [33, 51] . The thermal expansion of c-c compositions is low compared to NiCrAl compositions and similar to those for b-NiAl [40, 52, 53] , and therefore, c-c alloys and coatings can form relatively thick alumina layers before thermal-strain-induced spallation occurs. In addition, the higher strength of these coating compositions [40] inhibits deformation, therefore keeping the compressive stress in-plane. Cast c-c' Ni-10Pt-22Al-0.05Hf showed equivalent 1000°C 0.2 % compressive yield stress to N5, whereas cast b-Ni-48Al-0.05Hf exhibited *70 % lower yield strength [40] . The results in this study of limited deformation (i.e., rumpling) after 2500 cycles at Fig. 18 ). This specimen experienced periodic localized internal oxidation that penetrated through the coating (b) and into the superalloy 1150°C strongly contrast with the deformation seen in b-(Ni,Pt)Al coatings after far fewer cycles [18, [31] [32] [33] 38] . This study also illustrates the excellent high-temperature oxidation performance of simple c-c' NiPtAl coatings, provided that the coating is paired with the appropriate Ni-base superalloy and Pt content. However, the results also reveal a significant sensitivity to substrate composition and oxidation temperature, especially for substrates high in Ti and Hf. As can be gleaned from the other studies in the literature [21] [22] [23] [24] , c-c' NiPtAl coatings appear to work best with 2nd generation SX superalloys with relatively low Ti and Hf contents. Based on the results at 1150°C, when Ti was present in the X4 substrate, a higher Pt level performed much better. The sensitivity of c-c' NiPtAl coatings to substrate Hf content also has been shown in companion studies of DS superalloy 247 [Unpublished] and low-Re [54] 2nd generation SX alloy N515 [44] . A recent study that evaluated c-c' NiPtAl on another high-Hf DS alloy (with 0.7 wt% Hf) also showed poor oxidation resistance, although that study did not attribute the degradation in scale adherence to the high Hf content, but instead speculated that the poor performance was due to increased refractory elements [55] . While CVD b-NiPtAl coatings are also sensitive to substrate composition effects [15, 24, 29, 31, 32, 38] , aluminized high-Hf DS alloys show better oxidation resistance [38] . A 3X higher Hf content in alloy N515 (N5 with 1.5 wt% Re [54] ) also increased TBC lifetimes with a b-NiPAl bond coating compared to N5, but did not further increase the lifetime with a c-c' NiPtAl bond coating [44] . Nevertheless, this same study consistently showed higher TBC lifetimes in furnace cycle testing with c-c' NiPtAl bond coatings, compared to bNiPtAl coatings.
In the present study, the dominant degradation mechanism on the high-Hf, DS superalloy 142 was internal oxidation of Hf and Al, Figs. 5a, b, 9a, b, and 12c, d. Increasing Pt concentration in the coating initially reduced the internal oxidation, but only delayed the onset and was increasingly less effective as temperature and diffusion kinetics increased. Particularly unusual was the formation of the large Hfrich oxide particles along the oxide-metal interface of the coating with 12-lm Pt (Fig. 12b) after 1000 cycles at 1100°C. (The precipitate was confirmed to contain Hf and O by TEM/EDS.) The apparent precipitation and growth of HfO 2 at the metal-scale interface suggests that Hf diffused to that interface and formed large oxide particles, but continued outward transport of Hf into the alumina scale was relatively slow. In the 142 specimen exposed for 1600 cycles, the Hf-rich oxides were also incorporated into the alumina scale (Fig. 12d) . Since there was minimal coating Al depletion measured at 1100°C on other alloys (Fig. 2) , the eventual breakdown into internal oxidation of Hf (indicated by mass gains for 142 in Fig. 10 ) was attributed to the reduction in coating Pt content with time due to interdiffusion with the substrate.
Results on higher-Ti, 1st generation SX superalloy 1483 suggest that simple c-c' NiPtAl coatings are also not compatible with this class of alloy at 1100°C and above. Further, based on the c' depletion and formation of Ni-and Ti-rich oxides on the surface of the alumina, it is anticipated that longer term testing at 1050°C would have produced a similar outcome. Two factors likely contribute to this behavior. First, both EDS and XRF indicated high Ti levels at or near the surface after testing at 1050°C and after rapid failure at 1100°C. Ti forms very stable oxides but, unlike Al, TiO 2 grows rapidly and is not considered a protective oxide scale. It tends to disrupt the formation of alumina on Ti-Al intermetallics [56] . It is possible that enrichment of Pt near the coating surface has the effect of decreasing the chemical activity of Ti, resulting in increased outward diffusive flux of Ti to the oxide-metal interface, similar to its effect on Al [34] . As Ti from the substrate becomes concentrated in the coating, it can replace Al in the c' phase. With the high Ti content in the c-c' coating on 1483 (Fig. 6) , the rapid degradation of oxidation resistance appears to be primarily related to the formation of Ti-rich oxides. Previous studies have also reported a detrimental effect of high Ti levels on coating oxidation performance [22, 31] . Thus, it appears that the c-c' NiPtAl class of coatings is vulnerable to accelerated degradation on alloys with significant Ti content, even at 1050°C. Second, the absence of a reactive element in 1st generation SX superalloys also may contribute to the poor oxidation resistance of 1483/7 l at 1100°C. These alloys may benefit from a secondary coating step that incorporates Hf (and possibly more Al) into the c ? c coating [25, 26] . Incorporating both Y and Hf into the coating, similar to the case with N5, may be even more effective. (Obviously there is a critical Hf concentration range where Hf is beneficial, with higher Hf levels being detrimental). However, it remains to be seen if RE additions can overcome the detrimental effects of *5 at.% Ti.
For the coated 2nd generation superalloys, X4 and N5, the alumina scales tended to have very good adherence. The absence of scale damage over the ridge in the coating on X4/12 l after 2500 cycles at 1100°C (Fig. 14) clearly demonstrates this behavior. At 1150°C with 7-lm Pt, N5 appeared to be clearly superior to X4. The difference was less apparent with 12 lm of Pt. In order to further evaluate the minor differences in c ? c coating performance between these two alloys, a statistical analysis of the behavior of multiple specimens would be needed rather than the 1-2 specimens used in this study. Likewise, a larger number of Pt levels and specimens would be needed to optimize the coating composition for each alloy.
The major composition differences between N5 and X4 are the 1.2 % Ti in X4, the higher S content in X4 (Tables 1, 2) , and the addition of Y to N5. Both alloys contain Hf, which is expected to provide a beneficial effect. The presence of Ti-rich oxides at the gas interface (Fig. 13) and Ti enrichment in the coating (Figs. 2, 6 ) indicates that Ti is very mobile, possibly even through an intact alumina scale. The rapid transport of the small Ti ion in alumina scales has been noted in several studies [27, 41, [57] [58] [59] . One may infer a negative effect of Ti, but it is not conclusive based on these results. Previous TEM results of the scale formed on N5/ 7 lm [50] showed that both Hf and Y segregated to the alumina scale grain boundaries. Co-doping with trace levels of two reactive elements, particularly Hf and Y, has been shown to further enhance oxide adherence in alumina-forming coatings and alloys [60, 61] , and thus might be an effective strategy for maximizing the oxidation resistance of c-c' coatings. Thus, the superior performance of N5 could be attributed to the Y addition or the absence of Ti, compared to X4.
There was a clear general benefit of increasing the Pt content of the c-c coatings, particularly for the X4 substrate at 1150°C. The primary impact of increasing Pt appeared to be maintenance of a slightly higher Al content in the coating, as suggested by 1000 h, 1150°C EPMA data in Fig. 2 , as well as the capacity to suppress widespread internal oxidation on alloys with high Hf levels. However, the second benefit was only temporary on the high-Hf DS alloy 142 (Fig. 10) . Higher Pt contents have also been observed to have beneficial effects on CVD coatings [11] , but the advantage must also be balanced with the cost of Pt. The results for X4 and N5 in this study suggest that the optimum Pt content is dependent on the superalloy substrate with the X4 performance improving significantly with 12-lm Pt, while N5 performed well with only 7-lm Pt. This difference could be the result of increased Pt content reducing a detrimental effect of the higher S impurity level [13] in this heat of X4 or a detrimental effect of Ti, but such effects could not be isolated in this study.
The formation of large voids in the substrate region immediately beneath the cc' NiPtAl coating (Figs. 5, 9, 12, and 17) is a concern for this class of coating. These are likely Kirkendall voids due to the interdiffusion occurring and the number and size of the voids appeared to increase with exposure time and temperature. In addition, the flux of Al into the coating tends to reduce the c' fraction in the adjacent superalloy. The voids, c' reduction, and the back diffusion of Pt may significantly impact the mechanical properties of c-c'-coated superalloys and both creep and fatigue testing is needed to evaluate this impact relative to other types of coatings. This could be of particular interest for thin-wall structures.
Only a limited amount of TEM characterization has been reported [48, 50, 62] on alumina scales formed on c-c coatings and alloys (Fig. 14) . The few observations available show quite different results with a columnar grain structure with small grain diameters observed after 1000 [50] or 1500 1-h cycles [62] at 1150°C and a much larger grain aspect ratio observed after 2500 cycles at 1100°C (Fig. 14) . The grain structure observed in this study after oxidation at 1100°C is much more like that observed on b-NiAl [40, 49, 57, 62, 63] , while the structure at 1150°C is more like that observed on NiCrAl (including uncoated superalloys) or FeCrAl substrates [50, 58, 63] . Unlike uncoated superalloys or cast c-c observations [40, 50, 58, 63] , no outer Ni-rich spinel-type oxide layer was observed after oxidation of coated X4 at 1100°C. Also, numerous sub-micron-sized voids were distributed throughout the interior of the thin oxide scale formed at 1100°C (Fig. 14) . Such voids are typically associated with the alumina transformation from metastable, cubic, transient phase (h-Al 2 O 3 ) into the stable, lower-volume, a-Al 2 O 3 phase [56, 64] . However, these voids are typically observed in the outer portion of the scale that transformed from h to a-Al 2 O 3 [49, 50, 58, 63] . In Fig. 14 , the voids appear throughout the scale. Thus, much more detailed characterization is needed over a range of times and temperatures to understand the alumina scale microstructure formed on this class of coatings.
Finally, EPMA results suggest the primary degradation mechanism of the best coating-alloy combinations will be Pt depletion, which is a departure from the traditional paradigm of Al depletion driving the lifetimes of high-temperature aluminide coatings. The absence of any oxide spallation at 6.5 at.% average Pt content after 2500 cycles/1100°C combined with the observation of minimal spallation at *3.9 at.% Pt on N5 after 2500 cycles/1150°C suggests that the critical minimum Pt content for initiation of scale spallation is less than *4 at.% for 1100-1150°C.
Summary
Simple NiPtAl diffusion coatings with a c-c' structure were furnace cycle tested at 1050-1150°C in dry O 2 for up to 2500 1-h cycles to compare the performance on several superalloy substrates. The best oxidation resistance was observed for coatings on 2nd generation single-crystal superalloys, particularly N5 with a small Y addition, low sulfur, and no Ti. Superalloys with high levels of Hf or Ti showed less oxidation resistance with a c-c' coating as Hf and Ti were readily incorporated into the coating and scale. Coatings on a 1st generation single-crystal superalloy with high Ti content (*5 at.%) displayed poor oxidation performance at 1100°C, and formed substantial Ti-rich oxide particles. Likewise, coatings on a directionally solidified superalloy with high Hf content (0.5 at.%) oxidized rapidly at all temperatures, due to internal oxidation of Hf and Al.
Increasing the Pt content in the coating (by increasing the deposited Pt from 7 to 12 lm) improved the coating performance, particularly for the high Hf directionally solidified 142 superalloy and on the Ti-containing X4 superalloy at 1150°C. However, the benefit for 142 was short-lived as the Pt content in the coating dropped due to interdiffusion at these high exposure temperatures. In contrast, the Al concentration in the c-c' NiPtAl coatings after up to 2500 cycles at 1150°C showed little or no decrease. For the alloys containing Ti, it also became enriched in the coating and in the oxide scale over time, which may be detrimental to oxidation resistance. These results suggest that lifetime modeling of this class of coatings should focus on the Pt depletion due to interdiffusion and should be relatively straightforward to predict. Furthermore, strategies to retard Pt interdiffusion would be expected to increase c-c' coating durability.
